Background--Alirocumab undergoes target-mediated clearance via binding of proprotein convertase subtilisin/kexin type 9 (PCSK9). Statins increase PCSK9 levels; the effects of nonstatin lipid-lowering therapies are unclear. Every-4-weeks dosing of alirocumab may be appropriate for some patients in absence of background statin but is not yet approved.
nonstatin lipid-lowering therapies (LLTs) such as ezetimibe and fenofibrate.
Ezetimibe inhibits the digestive absorption of cholesterol and related plant sterols and is primarily used for reducing LDL-C as an adjunct to statin. 8 Fenofibrate, an activator of peroxisome proliferator-activated receptor a, increases lipolysis and clearance of triglyceride-rich lipoproteins; although fenofibrate reduces LDL-C (in the context of lower baseline triglycerides), it also has a marked effect on triglycerides. 9 The effect of ezetimibe and fenofibrate on PCSK9 is unclear. Animal studies suggest that ezetimibe increases PCSK9 levels, 10,11 but no effect was seen in humans. 12 The change in PCSK9 levels with fibrates varies widely among reports. 13 This study assessed the pharmacokinetic and pharmacodynamic profile and circulating PCSK9 levels when alirocumab 150 mg is administered Q4W with placebo or in combination with ezetimibe or fenofibrate.
Materials and Methods
This randomized partial-blinded study (clinicaltrials.gov identifier: NCT01723735) was conducted in 2 centers in France in 3 parallel groups. The study protocol was approved by the appropriate institutional review boards and was performed in accordance with the ethical principles of the Declaration of Helsinki and in compliance with good clinical practice. All subjects provided written informed consent.
Subjects
Male or female subjects were eligible if they were aged 18 to 65 years with a body mass index between 18.0 and 30.0 kg/m 2 and had LDL-C levels >130 mg/dL at screening.
Subjects were certified as healthy on the basis of a comprehensive clinical assessment (detailed medical history and complete physical examination) and were not taking any LLTs at the time of enrolment. Any previous LLT had been discontinued at least 4 weeks before screening. Subjects were excluded if they had any clinically significant medical history or if they had taken any medication within the 2 weeks before the study start (with the exception of hormonal contraception or menopausal hormone replacement therapy).
Study Design
After the screening, subjects were randomized into 3 groups, entered a 28-day initial therapy run-in period, and received once-daily oral doses of either ezetimibe placebo, ezetimibe 10 mg, or fenofibrate 160 mg ( Figure 1 ). Subjects with LDL-C levels ≥100 mg/dL at the end of the run-in period then entered the alirocumab treatment period, during which they received alirocumab 150 mg Q4W subcutaneously on days 1, 29, and 57, in addition to continuing initial oral therapy. Subjects were instructed to keep to their usual diet throughout the study. The oral ezetimibe placebo matched the ezetimibe tablets; fenofibrate treatment was unblinded because placebo fenofibrate was not available for use in the study. The run-in period was included to allow steady state of Figure 1 . Study design. *Placebo for ezetimibe. Red arrows indicate time of alirocumab injections. At the bottom left of the figure, PK refers to free PCSK9 and total alirocumab. D indicates study day; EZE, ezetimibe; FENO, fenofibrate; PCSK9, proprotein convertase subtilisin/kexin type 9; PO, oral administration; Q4W, every 4 weeks; QD, every day; R, randomization; SC, subcutaneous administration.
both LLT compounds to be reached and full lipid-lowering effect to be achieved, 14 as well as to assess their effect on PCSK9 concentrations before alirocumab was administered.
End Points
The primary end point was the mean percent change in LDL-C from day À29 (the day before the initial therapy run-in). However, because this study was intended to specifically assess the effect of alirocumab, an additional baseline of day À1 (the day before first administration of alirocumab) was considered at the time of the statistical analysis plan. This additional baseline therefore accounted for changes in lipid profiles during the initial therapy run-in period with ezetimibe and fenofibrate alone and allowed assessment of the specific effect of alirocumab on LDL-C in combination with placebo (ie, as monotherapy) or in combination with the LLTs. The primary analysis was considered to be percent change from baseline to day 71. Two time points were used as baseline as shown in Figure 1 . Secondary end points included the percent change in secondary lipid parameters, including total cholesterol, nonhigh-density lipoprotein cholesterol (non-HDL-C), apolipoprotein B, lipoprotein(a), triglycerides, HDL-C, and apolipoprotein A1 and changes in free and total PCSK9 levels and total alirocumab levels.
Pharmacokinetic parameters calculated for alirocumab included maximum serum concentration (C max ) following the third injection and the area under the serum concentrationversus-time curve from day 57 to day 85 (AUC D57-85 ; ie, the 28-day period after the last alirocumab dose).
Safety, including adverse events (AEs), vital signs, electrocardiogram, and laboratory assessments, was also evaluated.
Laboratory Assessments
Blood samples were taken in the morning after a 10-hour overnight fast and before study drug administration. Sampling times are shown on Figure 1 ; note that no measurements were taken after the second alirocumab injection (indicated by a dotted line on the results figures). Total cholesterol, HDL-C, and triglycerides were directly measured at local laboratories; apolipoprotein B, apolipoprotein A1, and lipoprotein(a) were directly measured at a central laboratory. LDL-C was calculated by using the Friedewald formula (LDL-C=total cholesterolÀHDL-CÀ[triglycerides/5]).
Free and total PCSK9 levels and total alirocumab levels in serum were determined by using specific validated enzymelinked immunosorbent assays (Regeneron Pharmaceuticals). The lower limits of detection were 31.2 ng/mL for free PCSK9, 156 ng/mL for total PCSK9, and 78 ng/mL for alirocumab; values below these levels are set to 0 for presentation of results.
Statistical Methods
Enrollment of 72 subjects into the alirocumab treatment phase was planned to ensure ≥60 subjects (20 per group) could be included in the primary analysis. This sample size was calculated to give a maximal imprecision of ≤18.7% in terms of 95% CIs, for the relative change of LDL-C means between alirocumab plus ezetimibe or alirocumab plus fenofibrate versus alirocumab plus placebo, with 90% assurance, assuming an SD of 25% based on previous trial results. 7 The study was not powered for statistical comparisons of changes in secondary end points.
The percent change from baseline in LDL-C was analyzed by using a linear mixed-effects model. This model had fixed terms for treatment (alirocumab 150 mg Q4W plus ezetimibe, alirocumab 150 mg Q4W plus fenofibrate, or alirocumab 150 mg Q4W plus placebo), sex, study site, day, and treatment 9 day interaction term and with "subject (treatment9sex)" as a random effect. A variance component structure was used for the variance-covariance matrix of the random effects. The variance component structure was defined as: Other parameters such as age were not included in the model, because differences between groups were not significant. Estimates and 95% CIs were determined at each time point for the difference between means of alirocumab plus ezetimibe or fenofibrate combinations versus alirocumab plus placebo. This analysis was conducted by using day À29 as baseline and was repeated with day À1 as baseline. Secondary lipid parameters were assessed in a similar way, and P-values are given for descriptive purposes only. Because all analyses were considered as fully exploratory, multiplicity was not considered.
Changes in free and total PCSK9 levels were summarized by using descriptive statistics. Estimates (and 90% CIs) of geometric mean ratios of alirocumab plus ezetimibe versus alirocumab plus placebo, or alirocumab plus fenofibrate versus alirocumab plus placebo, were calculated by using a linear fixed-effects model. Pharmacokinetic parameters were summarized by using descriptive statistics. The effect on alirocumab serum levels of coadministering alirocumab with ezetimibe or with fenofibrate versus alirocumab plus placebo was assessed by using a linear fixed-effects model with fixed terms for treatment, sex, and study site and with log of weight as covariate. Estimates and 90% CIs for the ratios of geometric means of C max and AUC values between each treatment group were determined. Safety data were summarized by using descriptive statistics. Statistical analyses were conducted with use of SAS Proc Mixed (SAS Institute).
Results
One hundred sixty-seven subjects were screened, and 79 subjects were randomized and entered the run-in period. Of these 79 subjects, 72 (24 per group) qualified to enter the alirocumab treatment period and 7 were excluded: 4 because their LDL-C was <100 mg/dL by the end of the run-in period, 2 because of AEs (increased alanine transaminase levels while receiving fenofibrate), and 1 withdrew for personal reasons. Baseline characteristics for the 72 subjects who commenced alirocumab treatment and were included in the primary analysis are shown in Table 1 .
Effects on LDL-C
During the course of the 28-day initial therapy run-in, LDL-C levels were reduced by a mean (SEM) of 19.8% (2.1%) with ezetimibe and 25.9% (3.2%) with fenofibrate from day À29 baseline values; mean change in the placebo group was +1.6% (3.0%) (Figure 2A ).
After the initiation of alirocumab Q4W, the greatest mean percent reduction in LDL-C levels was observed in all groups on day 71 ( Figure 2 ; Table 2 ). Coadministration of alirocumab with ezetimibe or fenofibrate produced significantly greater mean LDL-C reductions from the main (day À29) baseline (ie, prerun-in) versus alirocumab plus placebo at almost every time point (P<0.05; primary analysis; Figure 2A ). These data represent the combined effect of alirocumab and the concomitant lipid therapy from the original (pre-run-in) LDL-C baseline level.
The analysis with use of the day À1 baseline (ie, prealirocumab) allows for examination of the specific effects of alirocumab. Mean (SEM) percentage LDL-C reductions with alirocumab plus placebo showed little change during the 28-day period after the third dose: day 57, 44.4% (2.8%); day 71, 47.4% (3.2%); and day 85, 47.0% (2.7%) ( Figure 2B ), suggesting a sustained effect over the Q4W dosing interval. Mean (SEM) LDL-C reductions from day À1 to day 71 were greater with alirocumab plus ezetimibe versus with alirocumab plus placebo (56.6% [2.5%] versus 47.4% [3.2%], P<0.05); corresponding reductions with alirocumab plus fenofibrate (54.3% [3.5%]) were not significantly different from those with alirocumab plus placebo (P=0.11; Figure 2B , Table 2 ). In comparison with alirocumab plus placebo, for the alirocumab-LLT combinations, the LDL-C reduction from day À1 to day 85 was smaller than the reduction to day 71 (49.6% [1.6%] versus 56.6% [2.5%] with ezetimibe and 43.2% [3.8%] versus 54.3% [3.5%] with fenofibrate). This suggests a modest attenuation of the LDL-C-lowering effect with the alirocumab-LLT combinations during the Q4W dosing interval compared with the placebo combination ( Figure 2B ). Effects on PCSK9 and Relationship With LDL-C PCSK9 is described here as either free PCSK9, representing unbound PCSK9 available to interact with the LDLR, or total PCSK9, representing all circulating PCSK9 including inactive alirocumab-bound PCSK9.
Mean baseline free PCSK9 concentrations were similar across all groups at the start of the initial therapy run-in period (day À29; 147-152 ng/mL). By the end of the run-in and before the first alirocumab dose (day 1), mean free PCSK9 concentrations were 119 ng/mL with placebo, 142 ng/mL with ezetimibe (24% greater than placebo; 90% CI 4-47%), and 217 ng/mL with fenofibrate (92% greater than placebo; 90% CI 62-128%; Figure 3A) .
Free PCSK9 was reduced to undetectable or very low concentrations (0-5 ng/mL) by day 71 in all groups; then concentrations gradually increased over days 71 to 85 ( Figure 3A) . In the group receiving alirocumab plus placebo, mean free PCSK9 remained low (17 ng/mL) at day 85, consistent with the relatively stable LDL-C reductions in this group ( Figure 3B ). In comparison, mean free PCSK9 concentrations were higher at day 85 with ezetimibe (60 ng/mL) and fenofibrate (102 ng/mL), corresponding with the modest attenuation of the LDL-C-lowering effect observed when alirocumab was administered with the LLTs (Figure 3C and 3D) .
Total PCSK9 concentrations increased from baseline in all groups after the first alirocumab dose (Figure 4) . Overall, mean total PCSK9 concentrations were highest in the group receiving fenofibrate (Figure 4 ). Relationship Between LDL-C, PCSK9, and Alirocumab Concentrations Figure 5 compares LDL-C reductions and concentrations of free and total PCSK9 and of alirocumab for days 57 to 85 (the 4-week period after the third alirocumab dose). Maximal LDL-C reductions for the LLT combinations were greater than those for alirocumab plus placebo, although PCSK9 levels and the alirocumab clearance rate were increased with the LLTs, and the duration of efficacy was slightly reduced with the LLTs (Figure 5 ). Comparison of mean free PCSK9 concentrations and total alirocumab levels suggests that if free PCSK9 remains lower than 40 to 50 ng/mL and alirocumab levels remain above 9 to 10 mg/L, then the LDL-C-lowering effect of alirocumab is stable. The temporal relationships between free and total PCSK9 concentrations, alirocumab levels, and LDL-C are plotted in Figure 6 . A lag (hysteresis effect) was observed between the time when free PCSK9 concentrations reached the lowest point and when maximal reductions in LDL-C levels were observed ( Figure 6B ).
Effects on Alirocumab (Pharmacokinetics)

Effects on Other Lipids and Lipoproteins
Effects on other lipids and lipoproteins are summarized in Table 2 . Similar to the effects on LDL-C, reductions in total cholesterol, apolipoprotein B, non-HDL-C, and triglycerides (from day À29 to day 71) were greater when alirocumab was coadministered with the LLTs compared with placebo. The fenofibrate combination, but not the ezetimibe combination, resulted in larger increases in HDL-C compared with alirocumab plus placebo, reflecting the independent effects of fenofibrate on raising HDL-C that are not seen with ezetimibe.
Safety
Treatment-emergent AEs are summarized in Table 3 . There were no serious AEs and no subjects discontinued because of AEs. No AEs were considered by the investigator to be related to the study treatments. There were no clinically significant free PCSK9 (B), free PCSK9 vs alirocumab (C), total PCSK9 vs alirocumab (D) and LDL-C vs total PCSK9 (E). Study variables are plotted on x and y axes with data points representing sample time points (day 0-28 following administration of alirocumab). In the key in (A) "PKD12910" refers to the current study; (A) also includes data from alirocumab Phase I study 1001 for comparison. D indicates study day relative to administration of alirocumab; LDL-C, low-density lipoprotein cholesterol; non-FH, non-familial hypercholesterolemia; PCSK9, proprotein convertase subtilisin/kexin 9; Q4W, every 4 weeks; SC, subcutaneous. changes in vital signs or electrocardiograms or in hematologic or biochemical parameters.
Discussion
This study was designed to explore changes in LDL-C, PCSK9, and alirocumab concentrations when alirocumab was administered Q4W without background statins, either with placebo or in combination with nonstatin LLTs (ezetimibe and fenofibrate). LDL-C reductions were maintained duringthe 4-week dosing interval with alirocumab 150 mg Q4W plus placebo. Maximal LDL-C reductions for the LLT combinations (65.3% and 66.8% with ezetimibe and fenofibrate, respectively) were greater those than for alirocumab plus placebo (48.2% versus day À29). In contrast, PCSK9 levels and the alirocumab clearance rate were increased and the duration of efficacy was slightly reduced with the LLTs. These findings are summarized in Figure 7 . This contrasts with results from previous studies in which alirocumab was dosed Q4W on background statins, showing a notably reduced duration of effect compared with Q2W dosing. 4, 6 Treatment with ezetimibe or fenofibrate during the course of a 28-day run-in resulted in reductions in LDL-C of 19.8% and 25.9%, respectively, and caused increases in free PCSK9 levels of 24% and 92% (versus placebo). Although free PCSK9 concentrations before the third alirocumab dose were higher with fenofibrate cotherapy (versus ezetimibe or placebo co-therapy), at day 71 they were reduced to similar levels in all groups. At the same time, total PCSK9 concentrations were highest with fenofibrate cotherapy. By comparing free and total PSCK9 concentrations, we speculate that total PCSK9 mainly represents inactivated PCSK9 complexed to alirocumab. Following the last alirocumab dose and up to end of study, a more rapid rate of return of free PCSK9 was observed with fenofibrate versus either ezetimibe or placebo. We hypothesize that the increases in PCSK9 levels with the LLTs are the result of increased PCSK9 production, with fenofibrate resulting in a greater increase in PCSK9 production compared with ezetimibe. Further, the actual increase in PCSK9 production would be underestimated by simply measuring free PCSK9 levels, because some are eliminated from the system as a result of the interaction of PCSK9 with the LDLR. Because alirocumab can be thought of as a trap for newly produced PCSK9, we propose that the difference in peak total PCSK9 values after alirocumab administration may serve as a better indicator of the effect on PCSK9 production. It has been proposed that the effect of fenofibrate on PCSK9 is indirect, 13, 15 rather than a direct effect on gene transcription as is observed with statins. 2 There is some evidence from animal studies that ezetimibe upregulates the PCSK9 and LDLR genes 11 ; however, a previous study in humans did not find an effect of ezetimibe on PCSK9. 12 Increases in PCSK9
concentrations of 13% to 41% (versus placebo) have been reported after treatment with simvastatin or atorvastatin. 15 These increases will, however, underestimate the actual increased PCSK9 production for reasons noted earlier, because statins also induce an increase in LDLR levels. Monoclonal antibodies that bind PCSK9 undergo targetmediated clearance. 16 Therefore, we hypothesize that the increased rate of clearance of total alirocumab with the LLT combinations versus the placebo combination resulted from the increased PCSK9 concentrations (and thus increased target-mediated clearance). Measurement of total alirocumab concentrations will underestimate clearance of the biologically active drug ("free" alirocumab-ie, that which is not bound to PCSK9). Based on the binding stoichiometry of PCSK9 to alirocumab (2:1) in the target-mediated phase and on the total and free PCSK9 concentrations, we estimate that the proportion of total alirocumab present as free alirocumab becomes negligible toward the end of the dosing interval when free PCSK9 is again detectable and begins to increase. However, this will need to be confirmed in future studies.
The modest attenuation of LDL-C-lowering efficacy during the Q4W dosing interval with the alirocumab-LLT combinations versus alirocumab plus placebo can be explained by the increased PCSK9 concentrations and clearance of alirocumab with these combinations. Results from the current study suggest that if free PCSK9 concentrations remain lower than 40 to 50 ng/mL and alirocumab levels remain above 9 to 10 mg/L, then the LDL-C-lowering effect of alirocumab is stable.
Based on the results from the current study and previous work, 4, 6 we hypothesize that there is a gradient in terms of the magnitude of peak LDL-C reductions and duration of effect after alirocumab administration, from alirocumab added to statins, to coadministration with fenofibrate and ezetimibe, and finally as monotherapy (ie, alirocumab plus placebo in the current study). This gradient reflects the extent of PCSK9 induction by each LLT that is coadministered with alirocumab. Figure 7 . Relationship between LDL-C, free PCSK9, and alirocumab levels when alirocumab 150 mg Q4W
is administered in combination with ezetimibe or fenofibrate without background statin. LDL-C indicates low-density lipoprotein cholesterol; LLT, lipid-lowering therapy; PCSK9, proprotein convertase subtilisin/ kexin 9. In a reciprocal manner, we also hypothesize that by raising PCSK9 levels, the LLTs (statin, ezetimibe, or fenofibrate) may exert a self-imposed limit on the maximal LDL-C reduction possible. Adding alirocumab to the LLT and thus bringing down PCSK9 levels may blunt the limitation in LDL-C reduction, leading to an additive LDL-C-lowering effect. With regard to safety, alirocumab in combination with placebo, ezetimibe, or fenofibrate was generally well tolerated, with no serious AEs throughout the study. There was a similar incidence of AEs reported in each group, and none of the reported AEs were considered by the investigator to be related to the study drugs. However, this was a small study and not powered for safety. Safety findings will be extended with data from the large cardiovascular outcomes study. 17 Observational studies suggest that a large proportion of patients do not tolerate statins. 18 Ezetimibe and fenofibrate are often used as alternative drugs for these patients. The present study indicates that alirocumab 150 mg Q4W-representing a single, once-monthly injection-could be an option for such patients not currently receiving a statin. The results from the present study informed the designs of the phase 3 alirocumab trials ODYSSEY CHOICE I and CHOICE II (clinicaltrials.gov identifiers: NCT01926782 and NCT02023879, respectively). In CHOICE I, alirocumab 300 mg Q4W is administered either with or without a concomitant statin; in CHOICE II, alirocumab 150 mg Q4W is administered without a statin. Both studies allow for a dose regimen change to 150 mg every 2 weeks if LDL-C targets are not reached after 8 weeks of treatment.
Conclusions
Alirocumab 150 mg Q4W produced robust LDL-C reductions when administered either with placebo or in combination with ezetimibe or fenofibrate. Maximal LDL-C reductions were greater when in combination with the LLTs. The oral LLTs appear to increase free PCSK9 levels, leading to increased clearance of alirocumab; thus, LDL-C reductions with the LLT combinations were slightly less sustained between injections versus the placebo combination. However, the slight loss of duration of efficacy was not as pronounced as seen in trials performed with Q4W dosing with background statin treatment. Therefore, alirocumab 150 mg Q4W may provide an additional treatment option when used as monotherapy or when administered on a background of ezetimibe or fenofibrate therapy in patients in need of LDL-C lowering. The ODYSSEY CHOICE studies are investigating the efficacy and safety of alirocumab Q4W dosing.
